Transplantation
of embryonic CNS regions into the PNS provides an opportunity to study temporal and spatial changes in the cytoskeleton that are associated with aging and neurodegenerative diseases.
In this study, the fetal septum was transplanted alone or with the hippocampus into the sciatic nerves of young adult rats to determine whether the proper central neural target could prevent the expression of abnormal cytoskeletal changes.
The substantia nigra, a nontarget area of the septum, served as control co-grafts. After 1, 3, 6, 12, and 16 months of survival, the grafts were examined by immunocytochemistry with antibodies to phosphorylated and nonphosphorylated neurofilaments, microtubule-associated proteins (MAPS), and glial fibrillary acidic protein (GFAP).
Subpopulations of neurons in the septal transplants expressed CAT and the NGF receptor (1924gG). Long-term (12-16 months) expression of these two markers was only observed when the septum was combined with the hippocampus.
Although isolated single grafts of septum survived within the PNS substratum, significant neuronal loss, extensive graft shrinkage, and aberrant cytoskeletal immunoreactivity were prominent in the long-term group. Changes that reflected an aging process included the ectopic expression of phosphorylated neurofilaments in neuronal perikarya, swollen axons, and a loss of MAP2 immunoreactivity that paralleled dendrite regression. In addition, abnormal "curly" fibers in the neuropil were also immunolabeled with an antibody directed against tau (5E2). Introduction of hippocampal cografts increased the final size of the septal transplants and prevented the cytoskeletal changes that accompanied the degeneration in the single septal grafts. The degree of GFAP immunostaining in the septum corresponded with advancing graft age and was minimized when grafted with the hippocampal formation.
When the septum was combined with the substantia nigra, the grafts also underwent shrinkage and no protective influence from aberrant cytoskeletal staining was observed.
These experiments exemplify the importance of an ap-propriate CNS neural target on the maintenance of long-term cholinergic neuron survival and normal morphology at the cytoskeletal level and illustrate the usefulness of these CNS-PNS constructs to examine conditions that influence the cytoskeleton.
Embryonic CNS tissue has an inherent potential to grow when experimentally grafted to intra-and extracerebral locations BjBrklund and Stenevi, 1984) . Fetal tissue will continue to develop, differentiate, and form specific connections with the host CNS subsequent to transplantation procedures. When regions of the fetal CNS are placed into the PNS (e.g., sciatic nerves), neural precursors also continue to divide and differentiate. Initially, the neuronal and glial morphological characteristics of CNS grafts within peripheral nerves are normal (Doering and Aguayo, 1987) . Subpopulations of cells in chronic transplants, however, are affected by the unusual environmental circumstances of the PNS and show filamentous changes that correspond to cellular modifications in the aging nervous system and in neurodegenerative diseases (Doering, 199 1) . Spatial and temporal changes in the cytoskeletal components within the axonal, dendritic, and somatic compartments of these CNS transplants are routinely studied by immunocytochemistry.
The technique of transplanting fetal CNS into the PNS can be used to test the effects of selected factors on the survival of specific neuronal groups and to examine in detail the sequence of various cytoskeletal modifications that parallel neuronal death. Futhermore, flexibility is offered to combine different regions within the nerves and then study the grafted tissues at desired time points.
The present study examined the embryonic septal and hippocampal regions within the PNS. Specifically, these experiments were performed to assess the role of target and nontarget tissues on the long-term survival and staining patterns of cytoskeletal filaments in septal/diagonal band neurons. The results show that in contrast to shrinkage, neuronal loss, and the development of aberrant cytoskeletal features in single septal grafts, when combined with the hippocampus the septal transplants remained at a relatively constant size and consisted of neurons with normal cytoskeletal immunostaining patterns. Anderton et al. (1982) Stemberger and Stemberger (1983) (Stemberger Monoclonals Inc.) Vallee et al. (1984) Kowall and Kosik (1987) Paetau et al. (1985) Taniuchi and timed pregnant females on embryonic day 15 (E 15) for the basal forebrain region (medial septal/diagonal band nuclei) and for the substantia nigra region. The hippocampal formation was removed from E 16-E 18 fetuses. The embryos were taken from deeply anesthetized animals that were given an overdose of Somnotol. Under a dissecting microscope the appropriate regions were dissected (Seiger, 1985) with fine forceps in sterile lactated Ringer's solution.
Materials and Methods
The recipient animals were given an intraperitoneal injection ofSomnotol and the right sciatic nerve was exposed. The nerve was cut at the region of the sciatic notch 1 week prior to the grafting procedures. This nerve transection step clears the endogenous host axons and creates an internal peripheral nerve environment that allows easy injection of the grafts with minimal physical damage to the nerves or the embryonic tissues.
For transplantation, the epineurium of the sciatic nerves was cut with microscissors to allow entry of the glass tuberculin syringe (0.25 ml) needle. The grafts were aspirated into the end of the needle and then pressure injected into the core of the nerves. This procedure permitted placement of the grafts within the host nerves at desired locations, and the final position could be achieved within 1.0-2.0 mm of the needle tip. The hippocampal or substantia nigra grafts were positioned distally in the nerves, and the septal grafts were placed in the proximal region of the nerve about 2.0-3.0 cm from the hippocampal or substantia nigra transplants. The location of the tissues was marked with 10-O suture in the epineurium.
The transplants were examined after 1 and 3 months (short term) and 6, 9, 12, and I8 months (long term) of survival. A total of 14 single septal grafts, 1 I single hippocampal grafts, 9 co-grafts of septum and hippocampus, and 5 co-grafts of septum and substantia nigra were analyzed.
Retrograde axona/ tracing. To confirm axonal extension from the grafted septal neurons in the peripheral nerves, rhodamine+isothio-cyanate (RITC) was used as a retrograde tracer. In four anesthetized animals, the nerves were cut at the midway point between the septum and the hippocampus. A 2.0 mm2 piece of Gelfoam (Upjohn) soaked in a rhodamine-&isothiocyanate (RITC) solution was applied to the cut nerve ends for approximately 30 min. The RITC solution consisted of 20 PI of dimethyl sulfoxide and 980 ~1 of saline with 25.0 mg of RITC purchased from Sigma (Thanos et al., 1987) . The nerve endings were rinsed with saline and the muscles and skin closed. The animals were fixed with 4.0% paraformaldehyde in 0.1 M phosphate buffer (PB) 12-24 hr after exposure to the RITC and the grafts were sectioned as described in the following immunocytochemistry and histology section.
Immunocytochemistry and histology. Subsequent to intracardiac perfusion with 4.0% paraformaldehyde in PB, the sciatic nerves were dissected and postfixed in the same type of fixative at 4°C overnight. The following morning the nerves were cryoprotected in 30% sucrose and then immersed until frozen in a solution of isopentane cooled to -55°C with liquid nitrogen. Longitudinal or cross sections of the grafts were cut at 10-I 5 pm in thickness on a cryostat and they were collected in 0.0 1 M phosphate-buffered saline (PBS). All immunocytochemical dilutions were made with PBS. Sections were initially floated in 3.0% bovine serum albumin in PBS to reduce nonspecific binding of the antibody immunoglobulins. Free-floating sections were then rinsed in PBS and incubated with the primary antibodies overnight at 4°C. The antibodies used in this study are listed in Table 1 . Subsequent to incubation with the primary antibodies, the sections were thoroughly rinsed and floated in goat anti-mouse IgG secondary antibodies conjugated to fluorescein (Jackson Immunoresearch Inc.). Control sections were checked by substituting normal serum for the primary antibodies and by the omission of the primary antibodies from the reaction. No specific immunofluorescence was observed in the control sections.
The sections were placed on glass microscope slides, rinsed with distilled water, dried, and then covered with a I:1 ratio of glycerol and sodium carbonate buffer CDH 9.0). The buffer contained 0.04% o-ohenylenediamine to reduce the fading effect of the UV light on the* Buorescent probes. An epifluorescence microscope equipped with rhodamine and fluorescein filter packs was used to observe the immunoreactivity.
For approximately one-half of the transplants, alternate sections were stained with 1.0% cresyl violet to estimate the graft volumes and quantitate the neuronal populations.
Four grafts were fixed with I .O% paraformaldehyde, 2.0% glutaraldehyde in 0.1 M PB. After 24 hr of fixation, the tissues were dehydrated through an ethanol series and embedded in a mixture of Epon-Araldite plastic. Semithin sections (1 .O pm) were cut, stained with toluidine blue, mounted on glass microscope slides, dehydrated, and coverslipped with DPX.
Results
Gross morphology of the nerves At the time of dissection, the grafts were observed as yellowish masses in the center of the peripheral nerves. In contrast to the focal distention of the host nerves by the short-term grafts, the nerves containing the long-term single septal transplants were very narrow and atrophied in appearance. The chronic grafts of combined septum and hippocampus or the single hippocampal tissues that survived for up to 1.5 years were still identifiable as regional enlargements within the sciatic nerves. Older transplants were dark yellow in comparison to the pale yellow appearance of the short-term preparations. Figure 1 depicts the relative final size of the septum after 1 year when co-grafted with either the hippocampus or the substantia nigra.
Axonal tracing
The two short-term and two long-term septal grafts processed for retrograde tracing consisted of neurons that were labeled with granules of RITC. A perinuclear distribution of the RITC granules characterized the majority of cells (Fig. 2) . Occasional processes were filled with the fluorescent tracer. (Fig. 3a,c) , but not the long-term septal grafts (Fig. 3) . The long bipolar axis of these cells was usually oriented parallel to the long axis of the nerve, and their morphology was similar to positive cells in situ. A moderate density of processes with 192-IgG immunoreactivity to the NGF receptor were distributed throughout the transplants. Expression of 192-IgG in the peripheral nerve matrix was extensive when examined at 1 month, but diminished as a function of increasing age (Fig. 4) . In addition to a reduction in transplant volume (Table 2) , the loss of neurons was exceptionally apparent (Table 3) In contrast, sections of the 12-and 1 S-month-old septal grafts had very few neurons (Fig. 5~ ). The neuropil content was also corresponding reduced in the long-term transplants.
Neurojilaments.
The sciatic nerves were focally distended by the short-term grafts and consisted of whorls of densely packed axon profiles stained by the RT97 antibody (Fig. 6a ). RT97-positive perikarya were also evident as early as 1 month after grafting. Host axons (degenerative and regenerative profiles) surrounded the outside of the grafts in the PNS matrix. The SMI-32 (nonphosphorylated intermediate and heavy neurofilament units) antibody recognized neuronal cell bodies, dendrites, and proximal axonal segments (Fig. 64 . Unlike the RT97 results, the degenerative host axons in the peripheral nerve around the grafts showed no SMI-32 immunoreactivity when analyzed 1 month after transplantation. Regenerative host axons, present in the sciatic nerves after 3 months, were identified with the SMI-32 antibody. The host axons were easily distinguished in these preparations due to their large diameter and uniform, parallel orientation (Fig. 6b) .
A reduction in RT97 staining was observed when studying the 6-18-month-old septal grafts (Fig. 7a,b) . The high density of fine, delicate axonal processes was replaced by a lower density of immunostained fibers, and many of these fibers were thickened. Axon profiles were often short or focally swollen and showed end-bulb swellings (Fig. 7h) .
Microtubule-associated proteins. The high-molecular-weight MAP2 clearly outlined the extent of the grafts in the peripheral nerve matrix. Individual cell bodies and their arbors were immunostained (Fig. 84 . Large and small immunoreactive neuronal perikarya were distributed throughout the transplants. Immunofluorescent processes were particularly dense in the shortterm implants. The dendrite arbors at the periphery of the grafts tended to be oriented parallel with the Schwann cell columns. In the long-term grafts, dendrite arbor branching and density were dramatically reduced (Fig. 8~) . The immunoreactivity in the neurons was often weak in comparison to the short-term grafts.
A moderate to light density of axons showed immunoreactivity to the 5E2 antibody (tau) in this group of transplants. No neuronal cell bodies were immunostained. Abnormal immunostaining, indicated by very thick, short, and curly fibers, was numerous in the 12-l g-month-old grafts (Fig. 8b) .
Glial jibrillary acidic protein. The degree of glial fibrillary acidic protein (GFAP) immunoreactivity paralleled the age of the single septal grafts (Table 3; compare Fig. 9a,b) . In sections of the long-term transplants double labeled for neurofilament (RT97) and GFAP localization, the areas with reduced RT97 labeling showed intense GFAP staining. The margins of all grafts tended to show increased staining relative to the central areas. Single hippocampal grafts The short-and long-term grafts of the hippocampal formation were relatively indistinguishable when examined with the cytoskeletal antibodies at the lower and upper limits of survival. The large size of these transplants was apparent at all ages. Expected patterns of neurofilament and MAP staining in the lmonth-old grafts were also prominent in the 1 &month-old cases. Large masses of tissue consisting of whorls of densely packed RT97-positive processes (Fig. lob) , and numerous SMI-32-labeled neurons were identified. Dendrite arbors were clearly visualized in all ages of the hippocampal grafts examined with MAP2. Moderate axonal immunoreactivity to the 5E2 characterized areas in the grafts.
Septal plus hippocampal grafts When the septum was co-grafted with the hippocampus, CATand 192-IgG-positive neurons were present in all short-and long-term septal transplants. Notably, more sections had to be examined in the long-term preparations to identify these neurons-likely reflecting a slow, gradual fallout. Introduction of the hippocampal grafts clearly increased the final volume of the septal grafts (Table 2, Fig. 11) . In striking comparison, the agematched septal and substantia nigra grafts were extremely re-* Septal and Hippocampal Grafts i n Peripheral Nerve The Cavalieri method (Cavalieri, 1966) was used to estimate the total reference volume (V,J from alternate section profiles through the grafts stained with cresyl violet. The sections were magnified with a Zeiss projection microscope, and a Bioquant System IV program interfaced with a digitizing tablet was used to measure the areas of the graft tracings and then calculate a mean transplant area (a). Then, Vrcr = d x t x s, where t = section thickness and s = number of sections through the transplant (see Coggeshall, 1992) . Statistical comparisons between the groups were made with the Student's t test. " P i 0.001 versus single septum (12-18 months); P < 0.01 versus septum + substantia nigra (12-18 months). h P i 0.0001 versus single septum (12-18 months); P < 0.01 versus septum + substantia nigra (12-l 8 months). ' P < 0.0001 versus single septum (12-18 months); P < 0.02 versus septum + substantia nigra (I 2-18 months).
duced in size when examined after 12-18 months. In the hippocampal portion, 192-IgG-immunolabeled fibers were also seen. Although both the hippocampal and septal portions were examined, the following results are concerned primarily with the septal portion of the co-grafts. In short, expected patterns of neurofilament (RT97 and SMI-32) staining were seen in the hippocampal tissues. Dendrite arbors were clearly visualized in all ages of the hippocampal grafts studied with MAP2. Typical immunoreactivity to the 5E2 characterized the hippocampal cografts.
Neurojilaments. Septal co-grafts revealed normal, robust patterns of RT97 immunoreactivity when examined after short and long time periods (Fig. 1 Oa) . Axonal tracts between the septum and hippocampus were labeled with the RT97 antibody (Fig.  6~ ). These axons, very small in diameter compared with the large myelinated host axons, could be followed out of the grafts into the PNS matrix. In contrast to the single septal grafts, RT97-positive cell bodies were not seen before 6 months of survival and only occasionally after this age. Since the SMI-32 antibody does not stain all neurons, or all dendrites (Campbell and Morrison, 1989) , it was difficult to assess accurately specific changes as a function of graft age with this monoclonal antibody.
MAPS. Spatial distributions of immunoreactivity to MAP2 seen in the long-term septal portion of the co-grafts were similar The disector method (Sterio, 1984) was used to estimate the number of neurons in the grafts. The disector provides a numerical count that is unbiased by the shape or size of the cells in question (Brrendgaard and Gundersen, 1986) . Each value represents the estimated number of neurons (N) in a different graft where N = N, x V,,, (Coggeshall, 1992) . See Table 2 for V,,, calculations. N, = EQ /Z V,,,, where EQ represents the number of neuronal nuclei counted in the total volume of the disectors (ZV,,,). Statistics were performed with a Student's [ test. y P < 0.0001 versus single septum (12 months); P i 0.002 versus septum + substantia nigra (I 2 months). b P -c 0.05 versus single septum (I month); P i 0.0001 versus single septum (12 months); P < 0.00 1 versus septum + substantia nigra (12 months). i P < 0.0001 versus single septum (12 months); P < 0.003 versus septum + substantia nigra (I 2 months).
to the short-term cases. The regression of arbors in the longterm single septal transplants was not apparent in this group of grafts. 5E2 (tau) outlined axons in the neuropil of the grafts. The immunoreactivity tended to occur in patches within the grafts rather than in an even distribution as seen with the RT97 antibody. In the long-term grafts, light immunoreactivity was observed occasionally observed in the neuronal perikarya. The immunofluorescent reaction in the long-term grafts was at times very weak, requiring high magnification to visualize the processes.
GFAP. An even distribution of astrocyte processes characterized the series of septal grafts in combination with the hippocampal formation. Although some isolated zones with noticably thick profiles of GFAP fibers were seen in the longerterm combined grafts, the intensity of immunofluorescence was far less than the single isolated septal transplants (Table 4) .
Septal plus substantia nigra grafts (control grafts)
The characteristics of the septal grafts when combined with the substantia nigra were similar to the results of the single septal implants; that is, long-term septal graft volume was not increased when co-grafted with the nigral tissue ( Table 2) . The septum showed a progression of degenerative cytoskeletal changes, paralleling graft age, that resulted in immunocytochemical staining patterns resembling the morphology of the 
Discussion
The present experiments have illustrated that neuronal interactions between source and target CNS tissues play a role in the maintenance ofa normal cytoskeleton. The important and novel aspects of this study center on the finding that abnormal cytoskeletal characteristics develop when neurons cannot interact with the correct target or when the neurons have no CNS target for interaction. Only when the appropriate (hippocampal) CNS region was co-grafted with the septum were the aberrant cytoskeletal features (monitored by immunocytochemistry) prevented. In addition, the absence of extensive abnormal cytoskeletal change paralleled the prolonged survival of septal neurons in the co-graft preparations. Prominent changes in the isolated The Journal of Neuroscience, September 1992, f2 (9) 3407 long-term (12-l g-month-old) septal tissues in this graft system are
summarized as follows:
graft shrinkage and neuropil reduction, neuronal death, loss of CAT and NGF receptor immunoreactivity, shift in expression of the phosphorylated neurofilaments from the axon to the somata, regression of the dendrite arbors indicated by MAP2 staining, appearance of "curly" or "kinked" fibers outlined by tau immunoreactivity, and increase in the density of GFAP immunostaining.
Regulation of neuronal survival by targets and trophic factors Application of trophic factors in vivo and in vitro (Hofer and Barde, 1988; Oppenheim et al., 1988 Oppenheim et al., , 1991 Eichler and Rich, 1989) has emphasized the importance of neurotrophic factors in regulating neuronal survival during development. Neuro- Figure 8 . MAP immunostaining in short-and long-term grafts. a, Neuronal somata (indicated by arrows) and dense dendrite arbors show strong immunoreactivity to the MAP2 antibody in a short-term transplant. b, Tau immunoreactivity to the antibody 5E2 in a l-year-old septal graft. Arrows point to abnormally thick, curly fibers. c, Atrophy of the dendrite arbors outlined by the MAP2 in a 1 -year-old graft. Scale bars: a, 50 pm; b and c, 40 pm. trophic factors, including the prototype NGF, are produced from axonal targets and from non-neuronal supporting cells. When the polypeptide NGF is infused into the adult rodent and primate brain, the degeneration of axotomized basal forebrain cholinergic neurons can be prevented (Hefti, 1986; Williams et al., 1986; Kromer, 1987; Koliatsos et al., 1990; Tuszynski et al., 1990b) . Ciliary neurotrophic factor (Oppenheim et al., 1991 ), brain-derived neurotrophic factor, and neurotrophin-3 ( Leibrock et al., 1989; Ernfors et al., 1990; Hohn et al., 1990; Jones and Reichardt, 1990; Maisonpierre et al., 1990; Rosenthal et al., 1990) are additional factors that favorably influence the survival of select neuronal populations.
The cholinergic neurons that project from the medial septal nucleus to the hippocampus provide a good system to assess the importance of target-derived support, since this subpopulation of basal forebrain neurons has only one main projection to the hippocampus (Amaral and Kurz, 1985) . Retrograde fluorescent tracers applied to the hippocampus have been used to show that substantial numbers of septal neurons die when their Figure 9 . GFAP immunoreactivity in short-and long-term septal grafts. a, Strong GFAP staining at the graft periphery contrasts with relatively normal astrocyte staining in the graft interior. Individual glial cells (arrows) are evident in this short-term graft. b, Intense immunostaining in all areas of the grafts characterize the long-term single grafts. The entire transplant is shown. Scale bars: a, 75 pm; 6, 150 hrn.
axons, which project through the fimbria-fomix, are lesioned (O'Brien et al., 1990; Tuszynski et al., 1990a) . Contrary to this interpretation, Peterson et al. (1990) have offered data suggesting that the majority of medial septal and ventral diagonal band neurons that project to the hippocampus do not die within 10 weeks after axotomy, but rather shrink and become undetectable by routine histological methods. In agreement with this data, Hagg et al. (1989) indicate that at least half of the apparent loss of cholinergic medial septal neurons upon axotomy is due to a loss of markers including CAT and NGF receptors rather than to actual neuronal cell death. Interestingly, this same population of neurons, however, do not die after their target neurons in the hippocampus are destroyed (Sofroniew et al., 1990) .
Gghwiler and co-workers (Gghwiler and Hefti, 1984; GWler and Brown, 1985) have studied choline&. interactions with organotypic cultures of fetal septum and hippocampus. Most recently, a role for NGF in the long-term maintenance of cholinergic septal neurons and the septohippocampal projection has been shown in vitro (Glhwiler et al., 1990) .
In the present study, target support from the hippocampus protected septal neurons from a series of cytoskeletal alterations that paralleled neuronal death. Basal forebrain grafts in the PNS with no appropriate target or placement of the septal transplants with the substantia nigra (nontarget area) resulted in a number of abnormal filamentous changes, extensive neuronal loss, and a reduction in graft size. It is noteworthy that single hippocampal grafts under the same conditions did not undergo the morphological changes that were evident in the septum. However, occasional aberrant neurofilament immunoreactivity was noted in the hippocampal transplants, likely representing a process of natural cell death. Hence, different regions of the CNS in the PNS proceed through the described cytoskeletal changes at dif- Changes in the spatial distribution of MAPS The phosphoprotein tau and MAP2 are two major classes of MAPS that are thought to regulate microtubule assembly, structure, and function . Immunohistochemical studies have shown that tau (low-MW MAP) is confined to the axonal domain (Binder et al., 1985; Trojanowski et al., 1989) and that MAP2 (high-MW MAP) is found in the cell body and dendrite compartments (DeCamilli et al., 1984; Vallee et al., 1984; Gamer et al., 1988) . This spatial distribution for low-and high-MW MAPS was confirmed in the present study.
In the human cerebral cortex, axonal patterns of tau immunoreactivity are seen as discrete bundles with specific direction that originate from tracts in the white matter. The fiber patterns observed with tau resemble the cytoarchitecture of axons with myelin-specific stains (Kowall and Kosik, 1987) . Tau protein in the aging CNS and in Alzheimer's disease can associate with neurofibrillary tangles and other abnormal inclusions (Kosik et al., 1986; Joachim et al., 1987) . A variety of monoclonal antibodies with epitopes that span the tau protein have also been shown to react with tangles (Kosik et al., 1988; Goedert et al., 1989) . The antibody 5E2, when applied to brain tissue affected by Alzheimer's disease, defines thickened, short, and kinked neurites (Kowall and Kosik, 1987) . In addition, the intensity of immunoreactivity is reduced and the pattern ofthe fiber bundles is eliminated. The results of the present study illustrated a loss of axonal immunoreactivity as a function of graft age. Furthermore, the SE2 and RT97 antibodies (both axonal markers) revealed segments ofshort and curly axons with striking similarity to the abnormal fibers recognized by tau antisera in cases of Alzheimer's disease (Kosik et al., 1986; Ohtsubo et al., 1990) .
Antibodies directed against MAP2 are excellent markers to stain the entire dendrite arbors (DeCamilli et al., 1984) and offer valuable insight into the extent of the dendritic fields as a function of age. Regression of the dendrite arbors in the long-term single septal grafts was a major finding. Asymmetrical cell bodies, local swellings of the dendrite shafts, and shortening of the dendrites were all noted in the long-term single septal grafts. In contrast to the thinning of arbors and loss of dendrite density, when combined with the target the septal neurons showed robust arbor morphology. Hence, axonal, somatic, and dendritic domains of the neurons are all influenced when in isolation or when contacting the incorrect target.
GFAP content parallels graft age In the aging rat, the GFAP content and size of astrocytes increase in different brain regions (BjGrklund et al., 1985) . Fibrous astrocytes in the aging human cerebral cortex also significantly increase in number after the age of 70 (Hansen et al., 1987) . Astrocyte proliferation and a marked enhancement of GFAP expression in glial processes in the neuropil of cerebral cortex and brain stem grafts have been shown (BjGrklund and Dahl, 1982; BjGrklund et al., 1983) . With intraocular grafts of the neocortex and locus coeruleus, GFAP immunoreactivity has also been reported to be most similar to astrocytes in situ when these regions are co-grafted (BjSrklund and Dahl, 1982) . The present experiments further confirm the notion that GFAP immunoreactivity is minimized when the neural tissue is grafted with the appropriate target. It is unknown at the present time if the increase in the GFAP density reflects a higher number of astrocytes per graft area due to tissue shrinkage or if the increase represents proliferation of the astrocytes. Il. Septal graft size as a function of age when transplanted alone or in combination with the hippocampus. Length and width dimensions (maximum equatorial distance) of the grafts (n = 3 for each group) were made from the photographic prints of the transplant sections labeled with RT97 or SMI-32 antibodies. Values are the mean -+ SEM. ferent rates. Barde (1989) has indicated that hormonal influences, the number and appropriateness of the synaptic contacts made by the neurons, and interactions of neurons and their axons with components of the extracellular matrix are likely to be involved with the regulation of neuronal survival. It is interesting to note that in a study designed to examine the effects of target and nontarget cells on grafted mesencephalic neurons, the addition of striatal target neurons was shown to have a stimulatory effect on the morphological development of the transplanted fetal dopamine cells (Bnmdin et al., 1986) .
The importance of axonal targets in the maintenance of a normal cytoskeleton has also been obtained from morphological studies of intracerebral and intraocular transplants. When neurons in septal grafts to the CNS are observed to extend long axons that contact the host hippocampus, abnormal neurofilament (RT97) immunoreactivity in neuronal somata is not observed (Doering et al., 199 la) . Conversely, grafted neurons with abnormal perikaryal expression of this epitope in these same animals are not seen with axonal projections directed toward a target. Results from single and combined grafts of the septum and the hippocampus in the anterior chamber of the eye also strongly suggest that targets are involved in the normal spatial distributions of cytoskeletal proteins. Abnormalities in axonal and dendritic immunoreactivity, evident in single l-year-old septal implants, can be prevented when co-grafted with the hippocampal formation in oculo (Doering et al., 199 1 b) .
Phosphorylated neurojilament changes in disease and subsequent to axonal lesions Monoclonal antibodies directed against phosphorylated epitopes on heavy neurofilament proteins identify hypertrophied neurons and a number of cytoskeletal abnormalities observed in Alzheimer's disease, amotrophic lateral sclerosis, and Parkinson's disease (Goldman and Yen, 1986; Haugh et al., 1986; Ulrich et al., 1987) . Antibodies directed against the M, 200,000 neurofilament subunit stain the somata of hippocampal pyramidal neurons in Alzheimer's disease (Cork et al., 1986) , and the monoclonal antibody RT97 identifies the neurofibrillary tangles (Anderton et al., 1982; Ulrich et al., 1987) . These observations as well as others (Sternberger et al., 1985) suggest that an abnormal distribution of the phosphorylated heavy neurofilament unit is associated with the formation of neurofibrillary tangles. The development of neurofibrillary tangles likely represents an early stage in the degeneration of neurons (Saper et al., 1985) and cell loss appears to be due to the maturation of tangles that displace normal cellular constituents. The dysfunction and death of cholinergic neurons in the basal forebrain have also been shown by Rasool et al. (1986) to be associated with extensive neurofibrillary tangle formation. The data from the present grafting model also indicate that a shift in the expression of the highly phosphorylated neurofilament from the axon to the soma is an indicator of neurons distined to die.
Several groups have illustrated the abnormal reactivity of neuronal perikarya with axon specific neurofilament antibodies after injury (Drager and Hofbauer, 1984; Goldstein et al., 1987; Rosenfeld et al., 1987) . The change from an axonal to a somata neurofilament distribution subsequent to axonal lesions has been suggested to result from alterations in neurofilament phosphorylation rather than from changes in the transport rate of phosphorylated neurofilaments (Goldstein et al., 1987) . Koliatsos et al. (1989) have used fimbria-fomix transection in the rat to study acute neurofilament changes in cholinergic neurons of the septum. They identified CAT neurons with ectopic phosphorylated neurofilaments in the perikarya at 3 d postlesioning. After this postoperative phase, neurons with CAT immunoreactivity could not be detected in the cells with aberrant accumulations of neurofilaments. Unlike the above experimental models, phosphorylated neurofilaments occur in the neuronal cell bodies in the present transplant system without surgical intervention or without the introduction of drugs that directly interfere with axonal transport.
Final statements This study has illustrated that transplants of CNS in the PNS can be used to examine conditions that underlie cytoskeletal change in the process of neuronal death. The present graft paradigm is unique in that reproducible degenerative changes in selected neuronal regions can be studied within relatively short time frames and the factors that modulate these changes can be examined under controlled conditions. A primary target for change is the cytoskeleton, and the abnormal cytoskeletal changes that develop represent a stage in neuronal degeneration. From the present experiments, it is concluded that appropriate sourcetarget neural interactions can promote neuronal survival and that the correct neural target is integral to the maintenance of normal cytoskeletal architecture in neurons and astrocytes over extended time frames.
